Wang, Wang, Li, & Wang, 2009) . Since the structures of cations and anions are crucial in making ILs hydrophilic or hydrophobic, structurewise, the anion portion has been found to be more crucial in determining the water miscibility of ILs (Huddleston et al., 2001) . The ILs based on [PF 6 ] − (hexafluorophosphate) and [Tf 2 N] − {= bis [(trifluoromethyl) sulfonyl]amide} are normally water-immiscible, making them the solvents of choice for forming biphasic systems in most IL applications (Zhao et al., 2005) .
Moreover, the pioneer work on recovery of n-3 PUFA methyl esters from fish oil by combining ILs and silver salts was first reported by Li and Li (2008) . In their work hydrophobic ILs with large anions of low lattice energy were identified as the best. For the case of ester synthesis via direct esterification, lipase/esterase-mediated catalysis, and using functionalized ionic liquids as dual solvent-catalysts, could be considered a green approach in terms of catalysts and green solvents (Tao et al., 2016) . The main advantages of lipase/ esterase-mediated esterification in nonaqueous systems compared to acid/base catalysis include the mild reaction conditions, high selectivity, and creation of less waste (Brígida, Amaral, Coelho, & Goncalves, 2014; Reetz, 2013) . Specifically, ILs containing aromatic rings, i.e., the imidazole and pyridinium types, have been reported capable of selectively extracting the healthful n-3 PUFA, thus subsequently enhancing their purity, by forming reversible π-bonding that governs the selective adsorption of PUFA and ethyl esters from fish oil (Cheong et al., 2011; Ventura et al., 2017) . Nevertheless, there remains a void in the literature on how such a green system could be applicable in the production of fish oil containing high omega-3 triglyceride and the stability of resulting products.
In the present study, imidazolium-based ILs containing different anions were employed to conduct enzymatic catalysis of esterification in the production of high omega-3 triglyceride oil. The thermal stability and oxidative kinetics of the products were investigated to gain insights on how to increase product stability so that they can be further optimized to meet industrial processing, storage, and application needs. 
| MATERIAL S AND ME THODS

| Substrates and reagents
| Transesterification reaction and separation of triglycerides
The following general procedures were employed for the transesterification reaction. First, 5 g of triglyceride fish oil was mixed with 5 g of ethyl fish oil in a double-beaker system. The temperature was kept constant (52°C) using a controlled water bath. The reaction began with the addition of 3% lipase (0.3 g) to the mixture under sealed and light-free conditions. After 24 hr, 2.5-ml mixture of anhydrous ethanol and acetone was added to terminate the reaction. To obtain the mixed fish oil, the reaction product was filtered to remove lipase and evaporated to remove residual organic solvents (Ruzich & Bassi, 2011) . The product was then spotted onto a chromatographic plate and chromatographed. The chromatographic silica gel containing the triglyceride fraction was scraped off. The fraction was retained for methyl esterification reaction. At the end of the reactions, all ILs used were separated and recovered by centrifugation based on ILs'
immiscible nature with densities drastically higher than other components in the system (Huddleston, Willauer, Swatloski, Visser, & Rogers, 1998; Liang, Zeng, Yao, & Wei, 2012; Sunitha, Kanjilal, Reddy, & Prasad, 2007) .
| Methyl esterification of fatty acids
For methyl esterification, 10-ml 0.5 M NaOH methanol solution was added into the triglyceride fish oil sample, and shaken for 20 min in a constant temperature water bath at 65°C until the oil droplet disappeared. After cooling, 10 ml of methanol-three boron fluoride ether solution (3:1, v/v; used immediately after preparation) was added, and the mixture was shaken in a constant temperature water bath (70°C) for 20 min. After cooling, 10 ml of n-hexane was added to the mixture and shaken sufficiently for extraction. Saturated salt water was then added to precipitate the oil sample dissolved in n-hexane.
Next, the supernatant was transferred into a centrifuge tube, and nhexane was evaporated under nitrogen flush. The sample was then injected into gas chromatography (see below) for analysis.
| Determination of lipase transesterification activity
Five g of n-octanoic acid and 5 g of triglycerides were added into a 25-ml conical flask with stopper. After stirring uniformly, 1 ml of ionic liquid and 0.1 g of lipase were added under oscillation at 60°C
for 2 hr. Approximately 0.2 g of the reaction mixture was transferred immediately to dissolve in 5 ml of n-hexane before 1 M KOH solution was added to remove free fatty acids. After methyl esterification, the relative percentage of n-octanoic acid in glycerides was analyzed by gas chromatography (Goujard, Ferre, Gil, Ruaudel, & Farnet, 2009 ). One transesterification enzyme unit is defined by the amount of enzyme required to transfer 1 μmol of n-octanoic acid to glyceride per min (Janssen, Oosten, Paul, Arends, & Hollmann, 2014) .
| Thermal analysis
Thermal analysis of fish oil samples was carried out by synchronous thermal analyzer (STA 449F3; Netzsch Co., Germany). Approximately 6 mg of the sample was placed in a ceramic crucible, capped, and subjected to a thermal reaction in air atmosphere under 'sample + calibration' mode, and the heating rate was set at 5, 10, 15, and 20°C/min, respectively. At each heating rate, an empty crucible was used as a control group, and scanned it as a baseline in the corresponding temperature range. The airflow was fixed at 60 ml/min (Tan & Che, 2002 ).
| Gas chromatographic (GC) analysis
Gas chromatographic analysis was performed with an Agilent 7890A
Gas Chromatograph equipped with a 112-88A7 HP-88 capillary column and an FID detector. The chromatographic conditions were as follows: injection volume 1 μl; column temperature programed to 140°C, hold for 5 min, 4°C/min, 220°C, then hold until the analysis was complete. When the EPA and DHA contents were analyzed, the inlet and detector temperatures were set at 250 and 280°C, respectively. When the n-octanoic acid content was analyzed, the inlet and detector temperatures were set at 240 and 250°C, respectively.
Carrier gas flow rate was at 1.0 ml N 2 /min, 35.0 ml H 2 /min, 350 ml air/min, and tail blowing 40 ml N 2 /min; the split ratio was 20:1 when EPA and DHA content was analyzed, and 100:1 when analyzing noctanoic acid content (Ha, Mai, & Sang, 2007) . The fatty acid was quantified by Agilent Chemstation software, and the relative percentage of various fatty acids was determined by area normalization.
The tests were carried out in parallel, and all sample measurements were conducted in triplicates.
| RE SULTS AND D ISCUSS I ON
| Selection of lipase
The effect of different lipases on the transesterification reaction was first assessed to select the most effective enzyme as the catalyst for further studies. Figure 1 shows the total EPA and DHA attained on the esterified triglyceride after equal amount of enzymes was used in the reaction under room temperature without light.
Among the three enzymes studied, lipozyme TL IM produced triglyceride with the highest EPA and DHA contents (51.86%), followed by PPL (47.91%), and Novozyme 435 (47.18%). The effect of enzymes on the full composition of fatty acids (saturated, monounsaturated, and polyunsaturated fatty acids) has been reported elsewhere by the authors (Li et al., 2018) . Carvalho, Campos, Noffs, Fregolente, and Fregolente (2009) reported that EPA and DHA as well as other n-3 PUFA tend to attach to stereospecific Sn-2 position on the glycerol backbone 
| Effect of ILs on transesterification
To characterize the effect of ILs on the enzymatic activity during transesterification, n-octanoic acid was employed due to its low cost and low viscosity that favors the enzymatic reactions with F I G U R E 4 The thermal stability (mW/mg) of the triglyceride-type fish oil produced in the present study up to 700°C under various temperature gradients (5, 10, 15, and 20°C/min)
The thermal stability (mW/ mg) of a commercial ethyl ester-type fish oil product containing 40.04% EPA and 20.36% DHA up to 700°C under various temperature gradients (5, 10, 15, and 20°C/min)
The fatty acid composition of the triglyceride-type fish oil produced in the present study triglyceride without needing any solvent. As can be seen in Figure 2 , without using any IL, the enzymatic activity of Lipozyme TL IM was 65.75 U/g. The enzymatic activity was elevated with the addition of Due to the drastically higher density of ILs compared to fish oil, triglyceride, and the immobilized enzymes used in the present study, the enhanced transesterification could be attributed the phase separation caused by ILs, which significantly increased the surface areas between enzyme and the reactants, resulting in accelerated reaction rate (Nowicki & Muszynski, 2014) . According to Ventura et al. (2017) , the lipase-catalyzed transesterification of fish oil could be categorized under liquid-liquid extraction with hydrophobic ILs. Although ILs are still quite pricey at present, hydrophobic ILs ([PF 6 ]-based) have been effectively applied to extract different bioactive compounds (Erbeldinger et al., 2000) . It has been reported that the process reached equilibrium relatively quickly and can be further enhanced by increasing the volume ratio of IL to solvent (Zhao et al., 2005) . The possibility of recyclability, as well as the simplicity of the procedure resulted in cost efficiency as compared to existing transesterification process.
However, the number of available hydrophobic water-immiscible ILs is much more limited when compared to water-miscible ones.
This suggests certain limitations in terms of variability and tuning of the IL chemical structures aiming at optimizing the performance of such systems.
| Effect of ILs on lipase catalyzed fish oil transesterification
When water layer around the lipase, but it also provided an adequate microenvironment that reduced the distance between reactants, hence enhancing the activity and stability of the enzyme (Linder, Kochanowski, Fanni, & Parmentier, 2005) . However, as the concentration of [BMIM] [PF 6 ] increased to 6% and beyond, the reaction rate was decreased, which could be attributed to (a) dilution of the reactants in the system that prevented the reaction from going forward, and (b) the increase in system viscosity due to the viscosity of [BMIM] [PF 6 ], which hindered the transesterification reaction, reducing the total EPA and DHA yield.
F I G U R E 7
The fatty acid composition of the commercial ethyl ester-type fish oil employed in the study F I G U R E 8 The activation energy (E) of triglyceride-type and ethyl ester-type fish oil could be attained from the slop of the regression lines when plotting log β against 1/T based on the Ozawa-Flynn-Wall isoconversional method
| Thermal analysis
The thermal stability of the triglyceride-type fish oil produced in the present study was examined using DSC ( Equally noteworthy is that the DSC curves of the triglyceridetype fish oil ( Figure 5 ) showed more small peaks at lower temperatures (around 200 and 300°C) than that of commercial ethyl ester-type, indicating that the triglyceride-type produced in the study contained fatty acids spreading over a wider range of molecular weight than the ethyl ester-type. This could be attributed to the wide spectrum of acryl groups formed during the transesterification process when producing triglyceride-type fish oil. Such an observation was further confirmed by analyzing the fatty acid composition of both the triglyceride-type and the commercial ethyl ester-type fish oil (Figure 6 ; 7). As can be seen in Figure 6 , the triglyceride-type fish oil contained 40 fatty acids, whereas the ethyl ester-type fatty acid contained only 29 fatty acids (Figure 7 ).
Full fatty acid compositions (EPA, DHA and other fatty acids) of these oils have been given in details by the authors previously (Li et al., 2018) .
| Assessment of kinetic parameters
To assess the activation energy of the transesterification reaction, as well as to identify critical kinetic parameters, the Ozawa-FlynnWall isoconversional method was employed (Mothé & de Miranda, 2013; Ozawa, 1965) . The activation energy (E) of triglyceride-type and ethyl ester-type fish oil could be attained from the slop of the regression lines when plotting log (β/T 2 ) against 1/T ( Figure 8 ). As can be seen in Table 1 , the activation energy of commercial ethyl ester-type fish oil was slightly higher than that of the triglyceridetype fish oil, indicating that the ethyl ester-type fish oil had a better stability against thermal oxidation than the triglyceride-type.
However, as the triglyceride-type fish oil carried a higher degree of unsaturation than the commercial ethyl ester-type, the difference in activation energy was acceptable, especially when both showed similar kinetic parameters (Table 1) . the former carried more fatty acids than the latter. The kinetic parameters acquired from the present study could serve as the foundation for process scale-up.
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